We demonstrate the generation of 2.3 mJ, 88 fs, 2.5 μm laser pulses at 1 kHz repetition rate from a three-stage chirped pulse amplifier employing Cr 2 :ZnSe crystals as the active gain media. 5 μJ seed of the amplifier is obtained via intrapulse difference frequency generation in a bismuth triborate (BIBO) crystal from spectrally broadened Ti: Sapphire amplifier output. A multi-pass amplifier followed by two single-pass amplifiers pumped by Q-switched Ho:YAG lasers boost the pulse energy to 6.5 mJ, yielding 2.3 mJ, 88 fs pulses upon pulse compression. Our results show the highest peak power at 2.5 μm with 1 kHz repetition rate. Such a laser will be a powerful source for studying strong-field physics and extending high-harmonic generation towards the keV region. In recent years, there has been an upsurge in the demand for high-energy, multi/few-cycle lasers in the short-(SWIR) to mid-wave infrared (MWIR) spectral regions. Aside from their important applications in molecular spectroscopy [1] and remote sensing [2], these long-wavelength lasers have also demonstrated great potential in the study of strong-field physics and attosecond science [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , especially in extending highharmonic generation (HHG) beyond the water window and towards the keV region [13, 14] . Generating such longwavelength lasers typically requires a Ti:Sapphire frontend, seed generation via spectral broadening [15] or difference frequency generation (DFG) [16] , energy upscaling via optical parametric amplification (OPA) [8, 17, 18] or optical parametric chirped pulse amplification (OPCPA) [16, [19] [20] [21] , and finally necessary spectral broadening and pulse compression if few-cycle pulses are needed [17] . By utilizing these techniques, mJ-level, few-cycle lasers operating in the kHz regime have been demonstrated with the center wavelength extended as far as 5.1 μm [22] .
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An alternative and more effective way of generating high-energy multi/few-cycle long-wavelength lasers is through chirped pulse amplification (CPA) [23] , a technique that has enabled high-energy Ti:Sapphire lasers-the workhorse in ultrafast science and industry for the past two decades. Essential ingredients for implementing CPA include a gain medium possessing a broad emission spectrum with high quantum efficiency, and a high-energy pump source with nanosecond (ns) pulse duration. Thanks to the rapid development of highquality transition-metal-doped II-VI semiconductors and associated fiber-laser-pumped Q-switched Ho:YAG and Er:YAG lasers, Ti:Sapphire CPA technique can now find its equivalence in the SWIR and MWIR regions, with Cr 2 :ZnSe∕ZnS and Fe 2 :ZnSe∕ZnS used as the gain medium, respectively [24] [25] [26] . While the development of Cr 2 :ZnSe∕ZnS oscillators has seen rapid progress in recent years [26] , there are only a few reports on Cr 2 :ZnSe∕ZnS amplifiers operating in the kHz regime with the highest energy of 1 mJ achieved by Q-peak Inc [27] . However, the pulse duration was limited to 184 fs, mainly due to gain narrowing effect with a nJ level seed from a Cr 2 :ZnSe oscillator. In this Letter, we report on the construction of a 2.3 mJ, 88 fs, 2.5 μm Cr 2 :ZnSe CPA laser operating at 1 kHz repetition rate. The high pulse energy and short pulse duration are enabled by using a μJ-level ultra-broadband seed laser [28] . To the best of our knowledge, this result represents the highest peak power ever achieved at 2.5 μm with 1 kHz repetition rate.
The laser layout is illustrated in Fig. 1 . Its frontend features a home-built Ti:Sapphire CPA laser generating 1.2 mJ and 30 fs pulses at a repetition rate of 1 kHz. These pulses are loosely focused by a 2 m focal length lens into a stretched hollow-core fiber (HCF) filled with 3 bar of neon gas for white light generation [29] . The HCF is a polyimide-coated flexible fused-silica capillary tubing with 500 μm inner diameter and 1.5 m length. Sets of chirped mirrors and fused-silica plates are used to compress the HCF output to around 7 fs, which is then focused into a 0.8 mm bismuth triborate (BIBO) crystal cut at 10.3°for intrapulse DFG. The crystal is cut for Type I phase matching, and the e axis of the crystal is rotated 8°away from the HCF output polarization to allow a maximum DFG output of 5.5 μJ following a cascade process [28] . The DFG output has an octave-spanning spectrum covering from 1.6 μm to around 3.6 μm with a nice Gaussian beam profile, as shown in Fig. 2 . Note that an alternative white light generation method such as using filamentation tube [30] and condensed medium [31, 32] can also be adopted with less susceptibility to beam pointing change, given that they can provide adequate bandwidth for DFG.
The DFG output is used as the seed for the Cr 2 :ZnSe CPA laser. As in the standard CPA architecture, the seed is first stretched to about 300 ps in an all-reflective Offner-type pulse stretcher. The stretcher employs a ruled reflective grating with a 300 l/mm groove density and gives a 2 μJ output whose spectrum is truncated between 2.2 μm and 3 μm (see Fig. 2 ) due to limited retro-reflective mirror size in the stretcher. Note that the output spectral range can be easily tuned by changing the angle of the grating, and this specific range is chosen to overlap with the peak of the emission spectrum of the Cr 2 :ZnSe crystal [24] as well as mitigating strong absorption of the gain crystal below 2.2 μm.
The first-stage multi-pass amplifier employs a 30 mm-long, Brewster-angle-cut (67.7°) polycrystalline Cr 2 :ZnSe crystal (IPG Photonics Inc.) having a 95% absorption at 2.09 μm. A Tm-fiber laser-pumped, Q-switched Ho:YAG laser at 2.09 μm with 25 mJ pulse energy at 1 kHz (IPG Photonics Inc.) is used as the pump laser for the amplifier. Fifty percent of the total energy (12 mJ) is focused to the crystal with a spot size of around 1.2 mm overlapping with the 1 mm seed at focus. The seed is refocused back into the crystal after each pass to maintain a constant spot size. After six passes, 900 μJ of pulse energy is achieved with a cumulative gain of 450. The firststage output is then resized to around 2 mm and sent to the second-stage amplifier employing a 40 mm-long polycrystalline Cr 2 :ZnSe rectangular slab. The crystal absorbs 99% of the pump power and is anti-reflection coated from 1.9 μm to 3 μm. The remainder of the first-stage pump (12 mJ) is sent to the second-stage crystal with a spot size of 2 mm and boosts the energy to 3 mJ with a single pass. Strong thermal lensing effect causes the output to focus after the crystal. To prevent optical damage, the second-stage output is picked off after the focus, resized to 2.5 mm, and sent to the third-stage crystal (same as the second-stage crystal). Another Tm-fiber laser-pumped, Q-switched Ho:YAG laser at 2.09 μm with 50 mJ pulse energy at 1 kHz (IPG Photonics Inc.) is used to pump the last stage. With 15 mJ pumping energy and 2.5 mm pump size, 6.5 mJ output energy is achieved with one pass. Further increasing the pump energy leads to gain saturation. Enlarging the pump and seed beam size would allow for more pump energy to be stored in the gain crystal, potentially leading to higher output energy with a chance of introducing thermally induced spatial distortion on the pump beam along with other thermal problems [33] . Novel techniques such as using spinning ring gain medium [34] will be needed to greatly boost the output power. Note that all crystals are water-cooled to 15°C.
Finally, to avoid damaging the compressor gratings, the amplifier output is resized to 10 mm and sent to the pulse compressor consisting of two ruled reflective gratings with 300 l/mm groove density. Considering surface losses along the beam path from the third-stage output, the compressor throughput efficiency is estimated to be around 60% yielding 3 mJ of pulse energy at the exit. The spectrum of the final output is shown in Fig. 2 along with its superb spatial profile. The spectrum is narrower than the input, which can be attributed to the crystal absorption at the shorter wavelength side and strong water vapor absorption at the longer wavelength side. A broader spectrum is expected by purging the entire system with dry air or nitrogen. The absorption of the crystal can be mitigated at the cost of slightly reduced output power by tuning the angle of the stretcher grating shifting the seeding spectrum towards longer wavelengths while purging. Nevertheless, the output spectrum can support a transform-limited (TL) pulse duration of 40 fs, corresponding to five-cycle pulses at 2.5 μm.
To measure the pulse duration, a single-shot second-harmonic frequency-resolved optical gating (SH-FROG) measurement is performed by splitting the output beam spatially into two halves and cross overlapping the split portions in a 100 μm-thick beta-barium borate (BBO) crystal cut for 2.5 μm. The measured and retrieved FROG traces are shown with very good agreement in Figs. 3(a) and 3(b) , respectively. Note that the SH bandwidth extends only to around 1240 nm (corresponding to 2480 nm of the fundamental spectrum), which is much lower than the upper limit of the measured fundamental spectrum. This is due to the strong water absorption at the red side of the spectrum that severely distorts the spectral phase causing the spectral region above 2480 nm to be uncompressible. To prevent discrepancy between measured and retrieved spectra as well as to get the real compressed pulse energy, a slit is placed in the compressor as a spectral filter to block the uncompressible portion of the spectrum while keeping the FROG spectrogram unchanged. The red curve in Fig. 3(c) shows the measured spectrum after spectral filtering. The measured and retrieved spectra are in good agreement, indicating a reliable retrieval with a retrieved pulse duration of 88 fs. The corresponding pulse energy drops from 3 mJ to 2.3 mJ, indicating a peak power of 26 GW at 1 kHz. The pulse duration and peak power are expected to improve further once the entire laser system is purged.
It is also worth mentioning that our seed laser is generated from an intrapulse DFG process, which provides passive carrier-envelope-phase (CEP) stability [35] . The final output should inherit such stability, which makes our laser source extremely valuable to the field of attosecond science. Although it is well known that a grating-based stretcher and compressor can introduce large noise to the CEP [36] , the CEP stability needs to be measured, and active feedback controls are necessary to provide a stable CEP output.
To conclude, we have demonstrated, to the best of our knowledge, the highest peak power at 2.5 μm with a 2.3 mJ pulse energy and 88 fs pulse duration operating at 1 kHz. Such a laser is enabled by a μJ level broadband seed laser followed by a three-stage Cr 2 :ZnSe CPA laser. In the field of attosecond science, the generated harmonic cutoff scales quadratically with the driving laser's wavelength λ [37] ; meanwhile, the single atom response for generating highenergy photons drastically drops as λ −5∼−6 [38] . The high peak power of our laser at 2.5 μm could be a powerful source in the generation of high-flux attosecond pulses with photon energy extending beyond the water window and towards the keV region. 
